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Morphogenesis during mouse embryonic kidney explant culture. seen in the human with the serial formation of the pro-
Background. Renal organogenesis is routinely studied using nephros, the mesonephros, and the final kidney, the meta-
cultured murine embryonic kidneys, but the application of this nephros. In the mouse, metanephric development beginsmodel has not yet been subjected to rigorous standards.
at the embryonic day (E) 10.5 when the ureteric bud,Methods. We measured ex vivo growth and morphogenesis
an outgrowth of the mesonephric duct, grows into theof day 13 murine kidneys and evaluated the importance of
culture conditions and biological variables. adjacent mesenchyme that is destined to become the
Results. Kidney size was measured in two dimensions as metanephric blastema. From the E10.5 until approxi-
planar surface area and was shown to correlate highly with mately 2 weeks postnatally, the ureteric bud grows andvolume (R2 0.60, P 0.005). The final surface area of kidneys
branches as part of a process known as branching mor-was directly dependent on the initial starting size (R2  0.61,
phogenesis that establishes the collecting duct networkP  0.05), suggesting that the final surface area is not a valid
outcome measurement unless starting size is equal among treat- of the kidney. Reciprocal induction occurs between the
ments. Relative growth rate, defined as (final surface area  ureteric bud and the metanephric mesenchyme tissues
initial surface area)/initial surface area, was a good measure
such that the ureteric bud establishes the pattern of theof growth and independent of size and anatomical position
kidney and the metanephric mesenchyme forms the ma-(P 0.05). Significant differences in size and growth rates were
observed among litters (P  0.05), implying that kidneys from jority of each nephron. Nephrogenesis itself is a highly
a given litter must be randomized to avoid confounding results. regulated process that arises at the tips of the branching
Planar surface area of each explant increased in proportion to ureteric bud and results from the transformation of the
ureteric bud branching (R2 0.6854, P 0.05). In a comparison
metanephric mesenchyme.of a variety of base media and supplements, kidney explants
Mouse embryonic kidney explants are relatively easywere observed to grow best in Dulbecco’s modified Eagle’s
medium (DMEM)/F12 with 5% fetal bovine serum and to to grow in culture and process through the stages of nephro-
sustain growth for up to 96 hours, despite decreased prolifera- genesis over several days ex vivo as observed in vivo.
tion and increased apoptosis at this time point. The explant model has been used to examine the effectsConclusions. These results represent an important step in
of growth factors [4, 5], antisense oligonucleotides [6–9],establishing standardized procedures for the use of cultured
inducer tissues [10, 11], blocking antibodies [12, 13], phar-embryonic kidneys and will improve our ability to apply the
model to better understand kidney morphogenesis. macologic agents [14,15], and retroviral infection with
DNA constructs [16]. Despite its widespread use, there
is little information in the literature that describes how
Since the 1950s [1–3], mouse embryonic kidneys have best to use the model.
been used as a model for the study of organogenesis This paper presents new data on the growth of embry-
because they are relatively easy to culture, and their onic kidneys ex vivo at the beginning of metanephric
development illustrates a variety of processes that can development. We established a method to measure size
occur during tissue organization, such as branching mor- and growth of kidneys in culture. We examined whether
phogenesis and mesenchymal epithelial transformation. the starting size and growth rates of individual explants
Mouse kidney development recapitulates the conditions vary depending on anatomic position (left vs. right) and
litter of origin. A variety of base media with and without
supplements were tested to determine the optimal condi-Key words: kidney development, mouse culture, morphogenesis, organo-
genesis. tions for growth of cultured kidneys. The rate of prolifer-
ation and apoptosis was examined in culture. We believeReceived for publication December 11, 2001
that these data will be an important contribution in estab-and in revised form July 3, 2002
Accepted for publication August 14, 2002 lishing standard conditions for the use of the murine kid-
ney model. 2003 by the International Society of Nephrology
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METHODS trichloroacetic acid. Liquid scintillation counting was
used to determine the amount of 3H-thymidine in the pre-Mouse embryonic kidney culture
cipitated DNA and the radioactivity measurement [counts
Kidneys were dissected under sterile conditions from per minute (cpm)] was normalized to the surface area of
timed-pregnant embryonic day 11 to 13 (depending on each kidney (cpm/final surface area) [20, 21]. Microsoft
experiment), CD1 mice (Charles River Laboratories, Excel and Sigma Plot were used to plot the data. Statistical
Wilmington, MA, USA) and grown on 0.45mol/L poly- analysis was done using SYSTAT version 10. For the apo-
ethylene terephthalate membranes in 6-well multiwell ptosis experiments, explants were grown for 0 to 96 hours
plates in a 37C incubator for 48 to 96 hours [15]. A maxi- and then fixed in 4% paraformaldehyde overnight. Kid-
mum of nine explants were grown on each membrane. neys were embedded in paraffin and sectioned at 6 m
Embryonic staging was verified using the criteria of Thei- thickness. Terminal deoxy transferase uridine triphosphate
ler [17]. When multiple litters were used for a given experi- nick end-labeling (TUNEL) staining was performed using
ment, the embryos from each litter were randomized TdT-FragEl DNA Fragmentation Kit (Oncogene, Cam-
to different treatment groups. Three base media were bridge, MA, USA) as per the manufacturer’s directions.
tested: Dulbecco’s modified Eagle’s medium (DMEM)/ Apoptotic cells were identified using a streptavidin-horse-
F12 (Gibco/BRL, Burlington, Ontario, Canada) without radish peroxidase conjugate. Counterstaining with methyl
antibiotics, Richter’s with gentamicin (Gibco/BRL) at green was used to enhance images. Apoptosis was re-
50 g/mL, and Richter’s without gentamicin (Mediatech ported as the number of apoptotic bodies per millimeter
Cellgro, Herndon, VA, USA). Base media were first squared tissue section surface area. A minimum of two
tested alone and then after the addition of the following sections per kidney were analyzed.
supplements: (1) 5% fetal bovine serum (Gibco/BRL);
(2) transferrin (Sigma Chemical Co., St. Louis, MO, USA) RESULTS
at 50g/mL; or (3) Avner’s supplements consisting of
Surface area and volume of kidney explantsinsulin (Sigma Chemical Co.) at 5 g/mL, prostaglandin
Kidneys were harvested from CD1 embryonic day 13E1 (Sigma Chemical Co.) at 25 ng/mL, T3 (Sigma Chemi-
mice and their initial surface area measured. Measure-cal Co.) at 3.2 pg/mL, hydrocortisone (Sigma Chemical
ment of planar surface area is a convenient method toCo.) at 5 g/mL, sodium selenite (Sigma Chemical Co.)
monitor growth of explants, but it may be flawed becauseat 1.72 ng/mL, and transferrin at 50 g/mL. Media were
it ignores growth in the third dimension (height). Duringnot changed during each experiment.
growth in culture, however, the kidneys appeared flat
and showed little change in thickness over 96 hours. ToSurface area and volume measurements
establish the relationship between planar surface areaPhotographs of cultured kidneys were taken shortly
and kidney size, volume and surface area were measuredafter dissection at time 0 (t  0), and then at subsequent
in a number of kidneys. Kidneys were embedded in par-time points. Surface area measurements, henceforth known
affin and sectioned at 10 m intervals. Surface area ofas planar surface area, were taken from the photographs
each section was obtained, summed with the others, andusing National Institutes of Health (NIH) Scion image,
multiplied by the section thickness to calculate volume.and calibrated to provide real measurements in millime-
As shown in Figure 1, surface area positively correlatedters squared. Volume measurements were obtained for
with calculated volume, indicating that planar surface
representative kidneys by embedding the kidneys in par- area was a valid approximation of kidney size (R2 0.60,
affin, sectioning at 10 m intervals, and staining with P  0.005) and could be used to monitor growth.
hematoxylin and eosin. The surface area of each section
was summed and multiplied by section thickness to de- Starting and final surface area of kidney explants
termine volume [18]. Kidneys were harvested from embryonic day 13 mice
and grown in DMEM/F12 for 48 hours. Initial surfaceDetermination of branching morphogenesis,
area and final surface area measurements were obtainedproliferation, and apoptosis
from photographs at time 0 (t  0) and t  48 hours,
To assess branching morphogenesis, whole explants respectively. A strong linear correlation existed between
were fixed in 4% formaldehyde and stained using dolichos the final surface area and the initial surface area (R2 
biflorus [19]. The number of ureteric branches was manu- 0.61, P 0.05, N 86) (Fig. 2). Large kidneys had much
ally counted. In the cell proliferation experiments, ex- larger final sizes than did small kidneys. The variation
plants were grown in the presence of methyl-3H-thymi- in final surface area was greatest for the small kidneys.
dine (ICN Biomedicals, Inc., Aurora, OH, USA) at 20
Initial surface area and growth rate of kidney explantsCi/mL of media for the final 3 hours of culture, rinsed
with phosphate-buffered saline (PBS), and then lysed We hypothesized that a smaller starting size might
influence kidney growth because of the mass dependencein distilled water. DNA was precipitated using 100%
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Fig. 1. Relationship between kidney planar surface area (SA) (mm2) Fig. 3. Relative growth rate defined as surface area final (SAF) surface
and volume (mm3). Embryonic kidneys (days 12 to 13) were cultured area initial (SAI)/SAI of embryonic kidneys (day 13) in DMEM/F12
for up to 48 hours in DMEM/F12 medium, paraffin-embedded, and medium over 48 hours as a function of SAI. The growth rate was indepen-
sectioned at 10 m thickness. Planar surface area was determined from dent of SAI (y  0.1597  0.998, R2  0.0019, P  0.05, N  86).
photographic images and volume was calculated as described in the
methods. The straight line represents the least squares regressions fit
to the data (y  11.329   0.1154, R2  0.5967, P  0.005, N  20).
even when the initial size of kidneys varies greatly. Simi-
lar results were obtained when embryonic day 11 kidneys
were used in these experiments (data not shown).
Initial size and growth rate of right- and
left-sided kidneys
Kidneys were dissected from embryonic day 13 mice
and pooled according to anatomic position. No signifi-
cant differences were observed between the initial sur-
face area of left and right kidneys (P  0.05) (Fig. 4A)
and they grew at similar rates (P  0.05) (Fig. 4B).
The effect of litter on kidney size and growth
Five litters were examined to determine whether there
were maternal effects on embryonic kidney size. As
shown in Figure 5A, significant differences in initial sur-
face area existed among the litters (P  0.05). These
Fig. 2. Final surface area (SAF) of embryonic kidneys (day 13) grown kidneys were maintained in culture to determine whether
in culture in DMEM/F12 medium for 48 hours as a function of initial
growth rates also varied according to litter of origin.surface area (SAI). Planar surface area was determined from photo-
graphic images at the beginning of the experiment and after 48 hours Significant differences in growth rates were observed
of growth. The straight line represents the least squares regression fit (P  0.05) (Fig. 5B).
to the data (y  2.2296 0.0768, R2  0.6132, P  0.005, N  86).
Branching morphogenesis and surface
area measurements
We examined whether growth of cultured kidneys wasof metabolic rates [22, 23]. To test this hypothesis, the
growth rate of the explants was determined over 48 hours due to an increase in ureteric bud branching, which deter-
mines the location of new nephrons. Whole-mount kid-by measuring the relative change in surface area defined
as (final surface area – initial surface area)/initial surface neys were stained using the lectin dolichos biflorus that
specifically labels the tips of the ureteric bud where newarea and compared to initial surface area. Relative growth
rate was independent of initial surface area (R2 0.0019, nephrons arise. The results showed that the number of
ureteric bud branches was directly proportional to theP  0.05), indicating that smaller kidneys did not grow
faster than larger kidneys (Fig. 3). Thus, the relative planar surface area of the kidney (Fig. 6A). Larger kid-
neys displayed more ureteric bud branches than smallerchange in surface area provides a valid measure to evalu-
ate the effects of various treatments on explant growth kidneys (R2  0.6854, P 0.05, N 27). Representative
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Fig. 4. (A) Relationship between initial kidney surface area (SAI)(mm2) and anatomical position [left (; N  28) vs. right (; N  25)] at
embryonic day 13. No difference in starting size of kidneys based on their position was noted (P  0.05). (B) Relationship between the relative
growth rate (SAF SAI/SAI) of embryonic kidneys (day 13) in DMEM/F12 medium over 48 hours as a function of anatomical position [left (;
N  28) or right (; N  25)]. There was no difference in growth of kidneys based on their position (P  0.05).
Fig. 5. (A ) Relationship between initial kidney surface area (SAI) (mm2) and litter of origin at embryonic day13. Surface area measurements
were taken for all kidneys from each litter. Number of kidneys per treatment indicated (N ) for each litter. Significant differences were noted in
kidney starting size depending on the litter of origin (P  0.05, ANOVA with post-hoc Tukey test; letters a, b, c indicate significant differences
between litters; shared letters between groups indicate no significant difference). (B) Relationship between the relative growth rate [final surface
area (SAF-SAI)/SAI] of embryonic kidneys (day 13) in DMEM/F12 medium over 48 hours as a function of litter of origin. Number of kidneys
per treatment (N ) indicated for each litter. The growth rate varied depending on the litter of origin (P  0.05, ANOVA with post-hoc Tukey
analysis; letters a, b, c indicate significant differences between litters; shared letters between groups indicate no significant difference).
images of two explants taken simultaneously by light as a separate variable since it has been reported to impair
rodent nephrogenesis [25, 26]. The base media wereand immunofluorescent microscopy are illustrated in Fig-
ure 6B. tested alone and in the presence of the following addi-
tives: (1) 5% fetal bovine serum, (2) transferrin, and (3)
The effect of medium composition on explant growth Avner’s supplements containing insulin, prostaglandin
E1, hydrocortisone, T3, sodium selenite, and transferrin.Three different base media that have been used in
explant cultures were tested for their ability to support Among the three base media, DMEM/F12 was most favor-
able for explant growth (P  0.05) (Fig. 7A). Additionkidney growth: (1) DMEM/F12, (2) Richter’s with gen-
tamicin and (3) Richter’s without gentamicin [19, 20, 24]. of 5% fetal bovine serum to DMEM/F12 significantly
increased growth compared to the other additives (P These media were not replenished during the duration of
the experiment. The effect of gentamicin was assessed 0.05). Gentamicin had no effect on growth in Richter’s-
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Fig. 6. (A ) Relationship between the number of ureteric bud branches and planar surface area (SA) (mm2). Embryonic day 13 kidneys were
grown from 0 to 48 hours in DMEMF/12 medium and surface area was determined. Whole kidneys were stained with the lectin dolichos biflorus
(as shown in B) and manually counted. The straight line represents the least squares regression fit to the data (y  63.896  15.87, R 2  0.6854,
P  0.05, N  27). (B ) Light and fluorescent images of whole-mount embryonic kidneys grown for 0 to 48 hours in DMEM/F12 medium
(magnification 150). Kidneys with larger surface areas had an increased number of ureteric bud branches when visualized using dolichos biflorus
(magnification 150). In the upper panel, the image on the left shows an embryonic day 13 kidney. On the right the same kidney is shown stained
with dolichos biflorus, which reveals the T-shaped formation of the ureteric bud. In the lower left panel, a large well-formed kidney that was
cultured for 48 hours is shown. On the right, the same kidney stained with dolichos biflorus demonstrates a highly branched ureteric bud network.
based media. Although relative growth rates differed in Figure 7C. Although there appeared to be more apo-
ptosis for kidneys grown in the absence of any additives,among the treatments, sections stained with hematoxylin
and eosin showed normal tissue organization in all kid- this did not reach statistical significance (P  0.05).
neys regardless of culture medium (data not shown).
The role of additives in long-term growth of explants
The rate of proliferation and apoptosis of Although DMEM/F12 was shown to support good
kidney explants growth of kidneys over 48 hours, its nutritional value
during prolonged growth was unknown. A number ofGrowth during organogenesis occurs by (1) an in-
crease in cell number (hyperplasia), (2) a change in indi- growth factors and supplements, including transferrin
and fetal bovine serum, have been implicated in thevidual cell size (hypertrophy), (3) production of extracel-
lular matrix or by combinations of the above [27]. The proliferation and differentiation of the developing kid-
ney and these are not normal components of the DMEMrate of proliferation during kidney culture was evaluated
in each of the test media / supplements at 48 hours formulation. To examine the importance of such supple-
ments, embryonic kidneys were grown in DMEM/F12of growth. Radioactive methyl-3H-thymidine was added
to the cultures 45 hours after the start of incubation to in the presence of either no additives, 5% fetal bovine
serum, transferrin, or Avner’s supplements. Growth wasassess proliferation during the final 3 hours of culture.
Radioactivity (3H) was measured in each kidney and evaluated relative to growth in DMEM/F12 alone and
expressed as % change in relative growth rate (Fig. 8A).standardized to final surface area, as a surrogate for unit
biomass. As shown in Figure 7B, the highest rates of We established that when media were replenished every
24 hours there was no change in relative growth rateproliferation measured as cpm/final surface area were
seen in explants grown in the presence of DMEM/F12- over time; hence, media were not changed during these
experiments(data not shown). There was no significantbased media (P 0.05). Richter’s-based media with and
without gentamicin supported significantly less prolifera- increase in explant growth in DMEM/F12 alone between
48 and 96 hours (P  0.05) (Fig. 8A, inset). Addition oftion. Within the DMEM/F12 group, there were no sig-
nificant differences in rates of proliferation with the use 5% fetal bovine serum, however, permitted sustained
growth of explants up to 96 hours, a result that was notof additives (P  0.05).
During development, apoptosis has been shown to be seen with the other additives (transferrin or Avner’s
supplements) (P  0.05).important for tissue modeling and organization. The rate
of apoptosis at 48 hours in culture was evaluated for To understand how growth occurs during prolonged
culture, the rate of cell proliferation in kidneys was exam-kidneys grown in DMEM/F12/ supplements as shown
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Fig. 7. (A ) Effect of media type and additives on relative growth rates of embryonic kidneys. Embryonic day 13 kidneys were grown for 48 hours
in either DMEM/F12, Richter’s medium with gentamicin (50 g/mL), or Richter’s medium without gentamicin. For each base media, the following
supplements were tested: (1) no supplements, (2) 5% fetal bovine serum, (3) transferrin (50g/mL), or (4) Avner’s supplements [insulin (5 g/mL),
T3 (3.2 pg/mL), hydrocortisone (5 g/mL), sodium selenite (1.72 ng/mL), and transferrin (50 g/mL)]. Kidney growth, defined as the ratio of final
surface area – initial surface area/initial surface area [(SAF  SAI)/SAI], was plotted as a function of base medium / supplements. Number
of kidneys per treatment indicated below each bar. Embryonic kidneys grew significantly larger in DMEM/F12-based media compared to Richter’s-
based media (P  0.05, ANOVA with post-hoc Tukey test, * indicates significance). Within the DMEM/F12 group, addition of 5% fetal bovine
serum was most favorable for growth (P  0.05, ANOVA with post-hoc Tukey test; letters a and b indicate differences between groups; shared
letters between groups indicate no significant difference). (B) Effect of media type and additives on the rate of proliferation of embryonic cultured
kidneys. As in (A), embryonic day 13 kidneys were grown for 48 hours in either DMEM/F12, Richter’s medium with gentamicin, or Richter’s
without gentamicin. For each base media, the following supplements were tested: (1 ) no supplements, (2 ) fetal bovine serum, (3 ) transferrin, or
(4 ) Avner’s supplements. During the final 3 hours of culture, methyl-3H-thymidine was added to the medium. DNA was extracted from each
kidney, and radioactivity (cpm) was measured and standardized for final surface area (SAF). The rate of proliferation (cpm/SAF) was calculated
for kidneys grown in each media type / supplements. Number of kidneys per treatment indicated below each bar. Embryonic kidneys showed
higher rates of proliferation when grown in DMEM/F12-based media compared to Richter’s-based media (P  0.05, ANOVA with post-hoc Tukey
test, *indicates significance). Within the DMEM/F12 group, there were no significant differences in the rates of proliferation when additives were
included (P  0.05, ANOVA). (C ) Effect of additives on the amount of apoptosis seen in embryonic cultured kidneys. As in (A), embryonic day
13 kidneys were grown for 48 hours in DMEM/F12 medium with either no supplements (), fetal bovine serum ( ), transferrin (), or Avner’s
supplements ( ). Kidneys were paraffin-embedded and sectioned at 6 micron thickness for TUNEL staining. Apoptotic cells were identified using
a streptavidin-horseradish peroxidase conjugate. Counterstaining with methyl green was used to enhance images. Representative sections were
imaged at 100 magnification and the number of apoptotic bodies was counted and reported per millimeter squared of tissue section surface area.
Within each group, five kidneys were sectioned and a minimum of two sections per kidney were used for the analysis. There were no significant
differences in the amounts of apoptosis observed in the presence or absence of additives (P  0.05, ANOVA).
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ined in DMEM/F12 with 5% fetal bovine serum after 3, dimension and that most of the kidney growth occurred
along the plane of the culture membranes. This growth48, 72, and 96 hours of incubation. As described above,
kidneys were grown in the presence of methyl-3H-thymi- may represent an adaptation of the tissue for most effi-
cient uptake of nutrients from the culture medium.dine for 3 hours prior to harvest. A progressive decrease
in the rate of proliferation was observed at later time A number of other factors were predicted to influence
the outcome of experiments with the kidney explantpoints during culture (P  0.05) (Fig. 8B).
Since growth of explants may not accurately replicate model. The first of these was the impact of the starting
size of explants, which affects the final surface area bythe conditions in vivo, it was important to determine
whether apoptosis occurred and whether it limited over- a factor of 2 (Fig. 2, y  2.2296  0.0768). Indeed,
the results reported in Figure 2, show that kidneys withall growth. Kidneys were grown in DMEM/F12 with 5%
fetal bovine serum for up to 96 hours of incubation. smaller initial surface areas had smaller final surface
areas, compared to larger kidneys. Therefore, the mea-Kidneys were fixed at 0- , 24- , 48- , 72- , and 96-hour time
points, paraffin-embedded, and sectioned for TUNEL surement of final surface area alone cannot be used to
evaluate kidney growth. One way to account for thestaining. A progressive increase in apoptosis was observed
with later time points (P  0.05) (Fig. 8 C and D). impact of initial surface area on growth is to express
growth as a relative change in surface area over timeDuring embryonic kidney development, cells from the
metanephric mesenchyme show the highest rates of apo- (final surface area – initial surface area)/initial surface
area. The data in Figure 3 indicate that small and largeptosis, whereas cells from the ureteric bud undergo little
cell death [28, 29]. Within the explant model, cells from kidneys increase in relative size at the same rate. There
was no significant relationship between the relative growthboth the ureteric bud and the metanephric mesenchyme
underwent significant apoptosis at 96 hours of culture. rate and the initial surface area. On one hand, this was
surprising since it has been well-established that the met-
abolic rate of both unicellular and multicellular animals
DISCUSSION
is proportional to mass3/4 [22, 23]. It is possible that we
The murine embryonic kidney has been an important were unable to detect a negative interaction because of
model for the study of kidney organogenesis and our the variation in the surface area measurements for each
understanding of the molecular mechanisms by which explant. From a practical point of view, however, the
organs and tissues are formed and maintained. Cultured results suggest that differences in kidney starting size
embryonic kidneys are routinely treated with antisense should not spuriously influence the outcome of experi-
oligonucleotides, growth hormones, blocking antibodies, mental treatments. Collectively, the results of Figures 2
or retroviral infection with foreign DNA to examine how and 3 suggest that kidney growth should be measured
manipulation of specific molecules affects their develop- as the relative growth rate, and that this method should
ment. Typically, the criterion to evaluate the effects of be used to evaluate treatment effects. We have per-
such treatments is growth or final size of the kidney formed experiments using embryonic day 11 kidneys and
compared to untreated controls. A variety of different shown that the relationships observed in Figures 1, 2 and
procedures for embryonic kidney culture have been re- 3 are applicable to earlier stages in development (data
ported in the literature, but no standardized methodol- not shown).
ogy exists. In this report, we characterize the murine Growth is defined as an increase in mass or size of a
embryonic kidney model in-depth to determine (1) how tissue and arises because of cell proliferation, cell en-
growth should be measured, (2) how growth occurs, and largement, or an increase in extracellular material [30].
(3) what factors influence growth. These processes are fundamental to organogenesis, but
To evaluate the effects of treatments, growth must be their relative contributions to kidney morphogenesis
assessed using a reliable and easy method. Although a have been poorly described. Although they are all likely
variety of approaches have been used to measure growth, to occur during the growth of cultured embryonic kid-
many of these are based on false assumptions. Kidney neys, only proliferation can be directly assayed. We mea-
explants, for example, grow in three dimensions, yet most sured the incorporation of radioactive methyl-3H-thymi-
imaging systems are best suited for two-dimensional dine into DNA to assess the rate of cell proliferation.
measurements. The first objective of our study was to Thymidine incorporation has been standardized for unit
determine whether planar surface area of whole kidneys biomass by measuring either DNA content, protein, vol-
accurately reflected whole kidney volume. As reported ume, or weight [20, 21]. We standardized the 3H activity
in Figure 1, we observed a highly significant relationship in DNA to final surface area (cpm/final surface area)
between surface area and volume. Thus, kidney size can and observed that DMEM/F12 supported the greatest
be reliably estimated from two-dimensional measure- proliferation compared to the other base media. Although
ments. These results supported our observation that, it was difficult to assess the relative contributions of cell
proliferation, cell growth, and production of extracellu-over time in culture, little growth occurred in the vertical
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Fig. 8. (A) Effect of additives in DMEM/F12 medium on prolonged
embryonic kidney growth over 96 hours. Embryonic day 13 kidneys
were grown in DMEM/F12 medium with either no supplements [(),
see inset], 5% fetal bovine serum ( ), transferrin (), or Avner’s supple-
ments ( ). The number of kidneys per group is indicated in the legend.
The rate of embryonic kidney growth for a given supplement was
reported as percent change in relative growth rate compared to growth
in DMEM/F12 alone [final surface area – initial surface area/initial surface
area [(SAFSAI)/SAI]medium with additive (SAFSAI)/SAIDMEM/F12/(SAF
SAI)/SAIDMEM/F12  100] at 48, 72, or 96 hours. In the inset, culture in
DMEM/F12 alone demonstrates that no significant growth occurred
after 48 hours (P 0.05, ANOVA). Addition of 5% fetal bovine serum
to DMEM/F12 permitted prolonged growth of embryonic kidneys over
96 hours (P  0.05, ANOVA) which was not seen with the other
additives. (B ) Rate of proliferation of embryonic kidneys cultured for
up to 96 hours in DMEM/F12 with 5% fetal bovine serum. Embryonic
day 13 kidneys were grown for either 3, 48, 72, or 96 hours and methyl-
3H-thymidine was added for the final 3 hours of culture. DNA was
extracted from each kidney (N  9 per time point), radioactivity (cpm)
was measured and standardized for final surface area (SAF). The rate
of proliferation (cpm/SAF) was calculated over time in culture. The
rate of proliferation decreased over time (P 0.05, ANOVA with post-
hoc Tukey test; letters a, b, c indicate differences between groups;
shared letters between groups indicate no significant difference) with
the highest rate seen at 3 hours and markedly less observed at 96 hours.
lar matrix to whole explant growth, it was intriguing that, extracellular matrix production become more important
[31]. We recognize that the marked decrease in prolifera-after 96 hours in culture, kidneys grown in DMEM/F12
with 5% fetal bovine serum displayed significantly greater tion at later time points may also have arisen because
of the limitations of the in vitro environment for main-growth compared to DMEM/F12 alone (Fig. 8A). When
proliferation was examined at 96 hours in kidneys cul- taining a high rate of cell division. In addition, the sus-
tained growth of explants was significantly limited by thetured in DMEM/F12 with 5% fetal bovine serum (Fig.
8B), it had decreased significantly compared to earlier progressive increase in apoptosis noted with increasing
time in culture (Fig. 8 C and D).time points. These results are consistent with recent data
obtained on gene expression during rat kidney develop- To obtain a better understanding of the type of growth
observed in culture, branching morphogenesis was exam-ment using high-density DNA array technology. Stuart
Bush and Nigam demonstrated that during early meta- ined. Since the branching events of the ureteric bud
determine the location of new nephrons, the extent ofnephric development, the kidney is committed to cellular
proliferation, but that in later stages, genes regulating ureteric bud branching was used as an indirect measure
of nephrogenesis. Surface area directly correlated withspecific differentiation events like cell enlargement and
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Fig. 8. (Continued). (C ) Apoptosis of embryonic kidneys cultured for
up to 96 hours in DMEM/F12 with 5% fetal bovine serum. Embryonic
day 13 kidneys were dissected and either fixed immediately at time 0
or grown for 24, 48, 72, or 96 hours in culture. Kidneys were paraffin-
embedded and sectioned for TUNEL staining. Apoptotic cells were
identified using a streptavidin-horseradish peroxidase conjugate. Coun-
terstaining with methyl green was used to enhance images. Representa-
tive sections were imaged at 100 magnification. Time in culture is
indicated by numbers 1 to 5 (1 0, 2  24 hours, 3  48 hours, 4 
72 hours, 5  96 hours). The amount of apoptosis increased with time
in culture. After 96 hours there was a marked increase in the number of
apoptotic bodies relative to time 0. Image 5b is a high-power image of 5
(magnification 400) that shows apoptotic bodies in the derivatives of
the ureteric bud (black arrow) and the metanephric mesenchyme (dotted
black arrow). (D ) Amount of apoptosis of embryonic kidneys cultured
from 0 to 96 hours in DMEM/F12 with 5% fetal bovine serum. After
culture, kidneys were paraffin-embedded and sectioned at 6 micron
thickness for TUNEL staining. Apoptotic cells were identified using
a streptavidin-horseradish peroxidase conjugate. Counterstaining with
methyl green was used to enhance images. Representative sections were
imaged at 100 magnification and the number of apoptotic bodies was
counted and reported per millimeter squared of tissue section surface
area. Within each group, five kidneys were sectioned and a minimum of
two sections per kidney were used for the analysis. A significant increase
in the amount of apoptosis was noted at later time points during culture
(P 0.05, ANOVA with post-hoc Tukey analysis; letters a, b, c indicate
significant differences between amounts of apoptosis at designated time
points; shared letters between groups indicate no significant difference).
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the extent of ureteric bud branching (Fig. 6), and larger obscure subtle treatment effects. The litter effect shown
in Figure 5B suggests that there are maternal/genetickidneys were more highly branched than smaller ones.
These results established that explant growth was not factors that influence kidney growth in culture. Srinivas
et al and Gilbert et al have also demonstrated that theredue to aberrant growth from stromal cells, for example,
but due to ureteric bud branching. Tissue structure was are significant intralitter effects, and that ideally each
kidney from a pair should be segregated such that onealso observed to be intact in hematoxylin and eosin-
stained tissue sections. It should be noted that the rela- is a control and one is a treatment [24, 25]. However,
this design is only applicable when two groups are beingtionship reported here between planar surface area and
ureteric bud branching (Fig. 6) is applicable to normal compared.
A number of media have been used in embryoniccontrol kidneys. The growth in culture we observed is
consistent with that reported by Bertram et al in devel- kidney culture with varying degrees of success. As de-
scribed in the literature, an ideal culture medium permitsoping rat kidney in vivo [32]. They demonstrated that the
percentage of the ureteric epithelium within the whole normal organogenesis to occur and has standardized ad-
ditives. Although minimal essential medium (MEM) haskidney was relatively constant at 10% between embry-
onic day 16 to 21. Thus, the ureteric epithelium grows been successfully used for kidney culture, optimal growth
has required the addition of supplements like animalin direct proportion to total organ growth in vivo and in
culture. We expect that the relationship between planar sera and tissue extracts that have unknown chemical
composition. One of the first additives recognized forsurface area and ureteric bud branching may be modified
by experimental conditions such as application of growth its importance for embryonic kidney proliferation and
differentiation was transferrin, an iron-binding protein.factors.
A variety of genes have been implicated in left-right Subsequently, in 1982, Avner et al developed a chemi-
cally defined DMEM/F12-based medium for kidney cul-asymmetry in mice and humans, and several have been
associated with renal malformations [33–35]. However, ture that was supplemented with six different growth
factors, including transferrin [41]. Three versions ofthe reported kidney malformations are sporadic and not
associated with renal defects in laterality determination MEM were examined in our experiments with and with-
out three different additives: (1) fetal bovine serum,[36]. Despite this, left-right axis development likely has
some role during kidney development, given that there (2) transferrin or (3) Avner’s supplements. The reader
should note that DMEM/F12 did not contain antibiotics,are differences in position, size and vascular supply be-
tween left- and right-sided kidneys in humans [37]. but one of the Richter’s media we tested was supple-
mented with gentamicin. In the original cell culture pa-Crossed renal ectopia has also been reported in which
the ureteric bud crosses the midline and induces the pers that described the use of Richter’s medium, genta-
micin was not added [42]. However, most commerciallyopposite metanephric mesenchyme. This developmental
abnormality leads to a kidney that is located on the side available forms of the medium contain gentamicin. There
are several reports in the literature that show that genta-opposite to that from which its ureter inserts into the
bladder [38]. In CD1 mice, no differences in the starting micin impairs both growth and nephron formation in
rat embryonic kidney explants [25, 26]. Relative growthsize of embryonic day 13 kidneys were detected when
left-sided kidneys were compared to right-sided ones rates of murine kidneys were greatest in DMEM/F12
compared to the other base media, regardless of the(Fig. 4A). Similarly, within the culture model, no differ-
ences in growth rates were noted between the two sides addition of gentamicin. Explants cultured in the presence
of either base medium alone, or supplemented with ei-(Fig. 4B). This issue deserves more investigation since
the data from humans conflict with some reporting sig- ther transferrin or Avner’s combination showed mark-
edly less growth than those cultured in the presence ofnificant differences in sizes between right and left kidneys
and others reporting no differences [37, 39, 40]. 5% fetal bovine serum. However, we were unable to
demonstrate that the increased growth with 5% fetalKidneys from different litters displayed different start-
ing sizes and growth rates (Fig. 5A and B). These are bovine serum was due to greater cell proliferation (Fig.
7B) or lesser apoptosis (Fig. 7C) compared to the othercritical observations for experimental design since multi-
ple litters are often required to obtain adequate sample additives. This may reflect the differing time scales of
these assays. For example, the growth rates we reportsizes. We note that litter effects may explain some of the
variability reported in Figures 2 and 3 because multiple measure cumulative growth up to that time point. In
contrast, the proliferation and apoptosis assays are short-litters were used to generate all the samples that were
needed. If multiple litters are required for a given experi- term assays that reflect these events at that moment in
time, but do not provide a cumulative measurement ofment, kidneys from a given litter must be equally ran-
domized between treatment groups to avoid confound- either process. Our data do not allow us to precisely
determine what factors are responsible for the enhanceding results. In certain cases, the increased variation in
relative growth rate within each treatment group may growth seen with fetal bovine serum. We speculate that
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9. Quaggin S: Yeger H, Igarashi P: Antisense oligonucleotides tothe increased growth is likely due to a combination of
Cux-1, a cut-related homeobox gene, cause increased apoptosis infactors, including an increase in cell proliferation, an mouse embryonic kidney cultures. J Clin Invest 99:718–724, 1997
increase in cell hypertrophy or extracellular matrix, and 10. Kispert A, Vainio S, McMahon A: Wnt-4 is a mesenchymal signal
for epithelial transformation of metanephric mesenchyme in thea reduction in necrosis and apoptosis. Finally, only
developing kidney. Development 125:4225–4234, 1998DMEM/F12 with 5% fetal bovine serum permitted sus- 11. Schuchardt A, D’Agati V, Pachnis V, et al: Renal agenesis and
tained growth of explants over 96 hours (Fig. 8A). hypodysplasia in ret-k-mutant mice result from defects in ureteric
bud development. Development 122:1919–1929, 1996DMEM/F12 alone was unable to sustain growth of em-
12. Vega Q, Worby CA, Lechner MS, et al: Glial cell line-derivedbryonic kidneys beyond 48 hours (Fig. 8A, inset).
neurotrophic factor activates the receptor tyrosine kinase RET
and promotes kidney morphogenesis. Proc Natl Acad Sci USA
Conclusion 93:10657–10661, 1996
13. Rogers S, Ryan G, Purchio AF, et al: Metanephric transformingOur results suggest that measurements of planar sur-
growth factor-b1 regulates nephrogenesis in vitro. Am J Physiolface area can be used to describe kidney morphogenesis 264:F996–F1002, 1993
because they correlate with both kidney volume and 14. Fisher CE, Michael L, Barnett MW, et al: Erk MAP kinase
regulates branching morphogenesis in the developing mouse kid-ureteric bud branching. Measurement of relative growth
ney. Development 128:4329–4338,2001rate is recommended as a means to evaluate the response 15. Gupta I, Piscione TD, Grisaru S, et al: Protein kinase A is a
of kidney explants to experimental treatments. The vari- negative regulator of renal branching morphogenesis and modu-
lates inhibitory and stimulatory bone morphogenetic proteins. Jation in kidney relative growth rate among litters must
Biol Chem 274:26305–26314, 1999be taken into account for proper experimental design.
16. Herzlinger D, Kosecki C, Mikawa T, et al: Metanephric mesen-
We suggest that DMEM/F12 with 5% fetal bovine serum chyme contains multipotent stem cells whose fate is restricted after
induction. Development 114:565–572, 1992should be used for culturing murine embryonic kidneys
17. Theiler K: The House Mouse: Atlas of Embryonic Development,in experiments in which defined medium is not essential.
New York, Springer-Verlag, 1989Future investigations need to focus on understanding 18. Qiao J, Uzzo R, Obara-Ishihara T, et al: FGF-7 modulates ure-
the fundamental processes during morphogenesis, such teric bud growth and nephron number in the developing kidney.
Development 126:547–554, 1999as individual cell growth, production of extracellular ma-
19. Piscione TD, Yager TD, Gupta IR, et al: BMP-2 and OP-1 exerttrix, changes in cell shape, and apoptosis. Application
direct and opposite effects on renal branching morphogenesis. Am
of our recommendations for the use of the murine kidney J Physiol 273:F961–F975, 1997
20. Ekblom P, Thesleff I, Saxen L, et al: Transferrin as a fetal growthmodel should help facilitate this research.
factor: Acquisition of responsiveness related to embryonic induc-
tion. Proc Natl Acad Sci USA 80:2651–2655, 1983
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